Focusing on whole-body uniformity in small-animal single-photon emission computed tomography (SPECT), we examined the optimal helical acquisition parameters using five-pinhole collimators for mouse imaging. SPECT images of an 80-mm-long cylindrical phantom with 99m Tc solution were acquired using an Inveon multimodality imaging platform. The bed travels used in this study were 0, 30, 60, 90 and 120 mm, and the numbers of revolutions traversed during the SPECT scan were 1.0, 2.0, 3.0, 4.0, 5.0 and 7.0, respectively. Artifacts that degrade uniformity in reconstructed images were conspicuous when the bed travel was smaller than the object length. Regarding the distal-to-center ratio (DCR) of SPECT values in the object's axial direction, the DCR nearest to the ideal ratio of 1.00 was 1.02 in the optimal uniformity with 4.0 revolutions and a bed travel of 120 mm. Moreover, the helical acquisition using these parameters suppressed the formation of artifacts. We proposed the optimal parameters in whole-body helical SPECT; the bed travel was sufficiently larger than the object length; the 4.0 or more revolutions were required for a pitch of approximately 30 mm/revolution. The optimal acquisition parameters in SPECT to preserve uniformity would contribute to the accurate quantification of whole-body biodistribution. 
Introduction
Molecular imaging (MI) of small animals such as mice is a vital tool in basic scientific experiments and will provide important clues in pathology, physiology and pharmacology [1] [2] [3] [4] . An exploratory investigational new drug study using MI can provide valuable information of a candidate drug concerning its pharmacokinetic properties and bioavailability, whole-body biodistribution and targeting properties [5] . Also, radiopharmaceutical research in animals has always been a vital step in the development of novel tracers and in the estimation of whole-body radiation exposure. Single-photon emission computed tomography (SPECT) imaging is particularly suited for pharmacokinetic analysis over a long term, because of the relatively long half-lives of cemitting radionuclides with in vivo kinetics. For small-animal SPECT, single-pinhole collimation is often used for high image magnification and high spatial resolution [6, 7] . However, because of its low sensitivity, multipinhole such as five-pinhole SPECT with overlapping projections is also used to increase sensitivity over single-pinhole SPECT [8] [9] [10] [11] [12] . Overlapping pinhole projections or multiplexing and its resultant artifacts in reconstructed images are a concern [13] [14] [15] [16] [17] . Thus, sufficient sampling of acquisition is important to suppress multiplexing artifacts. Helical acquisitions using pinhole collimations can provide sufficient sampling data [7, 18] . Also, axial bed motion can be used to acquire longer axial fields of view (FOVs), yielding whole-body biodistributions in SPECT systems with helical acquisition capabilities [19] . When the image uniformity of SPECT is improved, this will provide accurate quantitative information in small-animal studies [20] . In particular, a helical acquisition in SPECT to preserve whole-body uniformity contributes to the accurate quantification of wholebody biodistribution. However, the optimal helical acquisition parameters for preserving whole-body uniformity using fivepinhole collimators have not been reported. In this paper, we focused on whole-body uniformity and we examined the optimal helical acquisition parameters in small-animal SPECT using fivepinhole collimators.
Materials and methods

SPECT experiments
The phantom used in this study was a cylinder made from acrylic with an inner diameter of 20 mm and a length of 80 mm, filled with a 99m Tc solution with an activity of 740 MBq. SPECT images were acquired using an Inveon multimodality imaging platform (Siemens Medical Solutions USA, Inc., Molecular Imaging, Knoxville, TN). The SPECT data were acquired over a period of 10 min and a sampling angle of 6°in the step-and-shoot mode. Five-pinhole tungsten collimators with 1.0 mm diameter pinholes (mouse whole body) were used at 40 mm from the center of the FOV. Three energy windows were set: a 20% photopeak window (126-154 keV), a lower window (112-126 keV) and an upper window (154-168 keV) for scatter correction. SPECT was carried out in the helical scan mode, with the axial bed motion while the dual head detectors are revolving. The bed travels used in this study were 0, 30, 60, 90 and 120 mm. The numbers of revolutions traversed during the SPECT scan were 1.0, 2.0, 3.0, 4.0, 5.0 and 7.0 corresponding to 120, 240, 360, 480, 600 and 840 total views in each bed travel, respectively.
A computed tomography (CT) image was acquired over approximately 10 min at 80 kVp and 500 lAs [21] . The CT image was used to acquire an attenuation map for attenuation correction of SPECT images [22] . SPECT data were reconstructed post hoc onto a 120 Â 120 axial matrix with isotropic 0.5 mm voxels using a 3-dimensional ordered subset expectation maximization algorithm (zoom = 1; 30 iterations; 6 subsets) by incorporating scatter correction and CT-based attenuation correction [23] . SPECT data sets were visualized and analyzed using the Siemens Inveon Research Workplace 3D visualization software package (version 4.2) with no filter.
Data analysis
Multiplexing artifacts are observed in hot or cold regions as concentric rings in axial plane images [24] . We set nine rectangular solid regions of interest (ROIs; 2 Â 2 Â 10 mm 3 ) concentrically, namely, one ROI at the distal part of the central axis in the cylindrical phantom (at 5 mm distance from the phantom bottom), four ROIs around and parallel to the earlier ROI (ROIs on the circumference of 4 mm radius), and four ROIs near the phantom periphery parallel to the earlier ROI (ROIs on the circumference of 8 mm radius). To evaluate artifacts that degrade uniformity as an artifact index (AI), an average normalized mean square error was applied:
where n is the number of ROIs (=9), k is the mean SPECT value of all ROIs, x j is the SPECT value for individual ROIs and j is the ROI index [25] . When no artifacts occur, the artifact index is zero.
To investigate the effects of helical scanning on the phantom axial direction uniformity, two cylindrical ROIs (radius; 2.5 mm: height; 10 mm) were assigned at the distal part (ROI distal at 5 mm distance from the phantom bottom in regions less affected by ring artifacts) and at the center (ROI central at 35 mm distance from the phantom bottom in regions less affected by ring artifacts). The distal-to-center ratio (DCR) of the SPECT value in ROI distal to that in ROI central was evaluated. The DCR is higher than 1.00 if the SPECT values at the distal parts of the phantom are higher than that at the center. Also, the DCR is 1.00 if the uniformity is perfect.
To evaluate noise, ROI central was evaluated on the basis of the coefficient of variation (COV), which is given by
where m v is the mean SPECT value and r v is the standard deviation. Results Fig. 1 shows axial images for observing easily the multiplexing artifacts with 5.0 revolutions. The multiplexing artifacts were observed as high-or low-intensity concentric regions in the short bed travel acquisitions. Particularly, the cold spots were found near the central axis in the short bed travel. On the other hand, these artifacts were suppressed when the bed travel increased to 90 mm and above. Fig. 2 shows the dependence of the artifact index on the number of revolutions and the bed travel. At the bed travels of 0 and 30 mm, the artifact indexes were explicitly higher. When the bed travel was increased, the artifact index was decreased for all revolutions. To suppress multiplexing artifacts, bed travels equal to or greater than 90 mm are essential in this cylindrical phantom. Fig. 3 shows coronal images for observing easily the effect of the number of revolutions with a bed travel of 120 mm. When the number of revolutions was 1.0, the image reconstruction was almost successful; however, the phantom shape at the center was visualized as somewhat narrow. For the numbers of revolutions ranging from 1.0 to 3.0, the SPECT values at the distal parts of the phantom were higher than that at the center. The image uniformity was improved by increasing the number of revolutions. Fig. 4 shows the DCR as a function of the number of revolutions and bed travel. At a bed travel of 90 mm and above, the DCR nearest to the ratio of 1.00 was 1.02, with 4.0 revolutions and a bed travel of 120 mm. This parameter was equivalent to a pitch of 30 mm/ revolution. Fig. 5 shows the COV as a function of the number of revolutions for different bed travels. When the bed travel was increased, the COV was increased for all numbers of revolutions. Also, the COVs with 7.0 revolutions corresponding to 840 views were greater than those with other numbers of revolutions. At a bed travel of 120 mm, the COV with 4.0 revolutions was comparatively smaller than those with other numbers of revolutions.
Discussion
Focusing on whole-body uniformity, we examined the optimal helical acquisition parameters in small-animal Inveon SPECT using multipinhole collimators.
Using the 80-mm-long cylindrical phantom in this study, the bed travel of 120 mm and 4.0 revolutions corresponding to 480 views were the optimal measurement parameters because the arti- fact index and COV were small and the DCR was near 1.00. These optimal parameters were equivalent to a pitch of 30 mm/revolution. Therefore, the optimal helical acquisition parameters in SPECT to preserve whole-body uniformity contribute to the accurate quantification of whole-body biodistribution for such an investigational new drug study.
If the bed travel is shorter, projection data of the distal edge of an object are not acquired. These cause truncation artifacts in the whole body [7] . Therefore, it is mandatory that the entire projection data are acquired to avoid missing the distal-edge projection data. By using a long bed travel and the distal-edge projection data with a blank space, we acquired non-overlapped projection data of the distal edge with five-pinhole collimators. Consequently, multiplexing artifacts could be suppressed by the non-overlapped projection data from multiple directions [15] .
In the qualification of this study, the total acquisition time was constant for all bed travels and numbers of revolutions. The acquisition of blank spaces was an inefficient way of acquiring counts. Therefore, we did not conduct experiments with a bed travel of 150 mm.
It has been reported that an undersampling artifact could occur in pinhole SPECT, namely, insufficient sampling generates some artifacts [26] . Complete sampling is important in three-dimensional tomography and that is derived from the analysis of the data-missing domain in the Fourier space [27] . However, it may be difficult to analyze a reconstruction with multiplexing in the Fourier space. Consequently, it was useful that real experiments are performed for the evaluation of multiplexing artifacts.
In general tomography, projection data from multiple views are required [28] . In SPECT of multiplexing or overlapping projections, it is possible to reconstruct nearly true SPECT images when the SPECT scanner acquires many multiple views of different multiplexing. When the number of revolutions was increased, the number of views was increased in this study. Also, each view was different at the multiplexing of the object projection. Since many projection data from approximately five hundred views were acquired, it was possible to reconstruct nearly true phantom images. In this connection, these results were related to the geometry of five pinholes of Inveon. When the total acquisition time was constant and the number of views was increased, acquisition counts per 1 view decreased and the noise with 7.0 revolutions was increased in Fig. 5 . Accordingly, too many projection data were unsuitable for image quality.
SPECT values at the distal parts of the phantom were higher than that at the center using insufficient sampling. These were SPECT value variations in the phantom axial direction or coronal planes. Therefore, these are related to the revolution and bed travel as the conditions in the object's axial direction. Sampling angle affects the image quality in axial planes. Even when a sampling angle was smaller than 6°used in this study, the multiplexing of the object's axial direction was almost unchanged. Thus, high SPECT values at the distal parts in the axial direction may not be affected by sampling angle.
In this study, the diameter of the phantom was 20 mm. The 20 mm diameter covers skeletons and internal organs of mice [29] . Also, another research group experimented with the 23-mm-diameter phantom for small-animal SPECT [30] . To image a larger object, a larger radius of rotation with degrading sensitivity is used. Nonetheless, we are experimenting with a large-size cylindrical phantom in a future study.
Spatial resolution was not considered in this research. However, these optimal helical acquisition parameters would lead to sufficient sampling and these should contribute to good spatial resolution.
Conclusion
In this paper, we propose the optimal helical acquisition parameters in small-animal whole-body SPECT using five-pinhole collimators. It is mandatory that projection data are acquired to avoid missing the distal-edge projection data in the object's axial direction. Thus, the bed travel is sufficiently larger than the object size. To acquire projection data from many multiple views such as nearly five hundred views, 4.0 or more revolutions were required for a pitch of approximately 30 mm/revolution. Consequently, the optimal helical acquisition parameters in SPECT to preserve uniformity will contribute to the accurate quantification of whole-body biodistribution for such an investigational new drug study or the estimation of whole-body radiation exposure.
